24 Lignocellulosic biomass offers a sustainable source for biofuel production that does not compete 25 with food-based cropping systems. Importantly, two critical bottlenecks prevent economic 26 adoption: many industrially relevant microorganisms cannot ferment pentose sugars prevalent in 27 lignocellulosic medium, leaving a significant amount of carbon unutilized. Furthermore, chemical 28 biomass pretreatment required to release fermentable sugars generates a variety of toxins, 29 which inhibit microbial growth and metabolism, specifically limiting pentose utilization in 30 engineered strains. Here we dissected genetic determinants of anaerobic xylose fermentation 31 and stress tolerance in chemically pretreated corn stover biomass, called hydrolysate. We 32 previously revealed that loss-of-function mutations in the stress-responsive MAP kinase HOG1 33 and negative regulator of the RAS/Protein Kinase A (PKA) pathway, IRA2, enhances anaerobic 34 xylose fermentation. However, these mutations likely reduce cells' ability to tolerate the toxins 35 present in lignocellulosic hydrolysate, making the strain especially vulnerable to it. We tested 36 the contributions of Hog1 and PKA signaling via IRA2 or PKA negative regulatory subunit BCY1 37 to metabolism, growth, and stress tolerance in corn stover hydrolysate and laboratory medium 38 with mixed sugars. We found mutations causing upregulated PKA activity increase growth rate 39 and glucose consumption in various media but do not have a specific impact on xylose 40 fermentation. In contrast, mutation of HOG1 specifically increased xylose usage. We 41 hypothesized improving stress tolerance would enhance the rate of xylose consumption in 42 hydrolysate. Surprisingly, increasing stress tolerance did not augment xylose fermentation in 43 lignocellulosic medium in this strain background, suggesting other mechanisms besides cellular 44 stress limit this strain's ability for anaerobic xylose fermentation in hydrolysate. 45 46 3 47 Introduction
7 144 YPDX medium was prepared as previously described (50) (1% yeast extract, 2% 145 peptone, except that sugars were added at either 6% glucose and 3% xylose or 9% glucose and 146 4.5% xylose). Identified lignotoxins (51,52) were added to YPDX 6%/3% and the medium was 147 sterilized by vacuum filtration. ACSH was prepared from Zea mays (Pioneer hybrid 36H56) 148 grown in Field 570-C Arlington Research Station, University of Wisconsin and harvested in 149 2012, as previously described (53). Pretreated corn stover was hydrolyzed to either 6% or 9% 150 glucan loading at 50°C for 5 days, and biomass was added 4 hours after hydrolysis began in 4 151 batches. The hydrolysate was centrifuged (2500xg for 30 minutes) and sterile filtered (0.22 μm 152 pore size; Millipore Stericup). Final sugar concentrations were 53 g/L glucose and 21.7 g/L 153 xylose for 6% glucan-loading ACSH, and 80 g/L glucose and 36 g/L xylose for 9% glucan-154 loading ACSH.
156 TECAN Screening 157
Strains were grown to saturation in YPD 2% batch aerobically overnight, then diluted to 158 an OD 600 of 2 in YPD 2%. 5 μL of culture was added to 95 μL of 9% ACSH, YPDX 9%/4.5%, 159 YPDX 6%/3%, or YPDX 6%/3% +LT in a Costar clear 96-well plate. OD 184 hog1 were prepared as previously described using isobaric tandem mass tags (TMT) for 185 phosphoproteomic analysis (93). Paired samples were collected from two independent 186 replicates grown anaerobically in YPX 3% for three generations and harvested at OD 600 ~0.5.
187 Proteomic samples were analyzed by nanoflow liquid chromatography tandem mass 188 spectrometry. COMPASS (54) was used to search against target-decoy yeast database (55).
189 Raw data were transformed to log 2 values, then the fold change between Y184 ira2hog1 and 190 Y184 ira2 peptides was calculated. We focused on differentially abundant phosphopeptides, 191 defined as those with a log 2 difference of at least 1.5X in the same direction in both replicate 192 comparisons. We used this threshold since TMT tagging is known to compress abundance 193 differences (56). 10 219 220 Improving stress tolerance does not restore xylose fermentation in toxic hydrolysate
221
We first measured tolerance of each strain to ACSH hydrolysates and rich laboratory 222 medium containing mixed glucose/xylose with and without lignotoxins (LT), anaerobically in a 223 96-well plate reader. 9% ACSH is clearly inhibitory to growth, since all strains grew to much 224 lower cell densities than in rich medium with lignotoxins added (Fig. 1 ). Parental strains Y22-3 225 and Y184 showed the best growth in 9% ACSH, as indicated by final cell density, even though 226 they cannot use the xylose after glucose is consumed. Y184 ira2 and Y184 bcy1 showed 227 reduced growth compared to Y184, but still grew; Y128, Y184 hog1, Y184 ira2hog1, and 228 Y184 ira2bcy1 were not able to grow. Thus, all strains lacking functional Hog1 showed 229 increased sensitivity to 9% ACSH, as did the Y184 ira2bcy1 strain. Since Hog1 functions in 230 the osmotic stress response, we reasoned the high sugar content of 9% ACSH may be 231 responsible for the sensitivity of hog1 strains. However, the mutants were not sensitive to rich 232 medium with sugar concentrations matching 9% ACSH (9% glucose, 4.5% xylose, Fig. 1 ), 233 indicating it is not the osmolarity of 9% ACSH that is inhibitory to these strains. Strikingly, Y184 234 cells with the Bcy1-AiD tag, which enables anaerobic xylose fermentation, displayed maximal 235 growth in 9% ACSH, comparable to Y184. Therefore, as we predicted, Y184 Bcy1-AiD lacks the 236 extreme stress sensitivity seen in hog1 strains. While adding lignotoxins to YPDX medium 237 decreased growth, it was not as inhibitory to any strain as 9% ACSH, suggesting either the 238 lignotoxin cocktail (52) added was lower than toxin levels in real hydrolysate or additional toxins 239 not in our cocktail remain to be identified.
240
We next studied glucose and xylose consumption in 9% ACSH to characterize 241 fermentation rates. We expected the strains whose growth was sensitive to the stresses of 242 ACSH would ferment worse compared to tolerant strains. Surprisingly, we found all strains, 243 even those containing functional Hog1, were incapable of fermenting xylose in hydrolysate 11 244 generated at high-glucan loading (Fig. 2C, Fig. S1C ). Y128 and Y184 hog1 did not grow to 245 densities as high as Y184, but Y184 Bcy1-AiD showed division as robust as Y184 ( Fig. 2A ), 246 supporting observations seen with the 96-well plate screen. Consistent with our hypothesis, 247 Y184 hog1 and especially Y128 cultures showed reduced glucose consumption over the time 248 course, whereas stress-tolerant Y184 and Y184 Bcy1-AiD depleted the glucose by 40 hours 249 (Fig. 2B ). Since we previously showed the Y184 Bcy1-AiD strain can ferment xylose 250 anaerobically at higher rates than Y128 in laboratory medium (93) and has dramatically 251 improved growth in 9% ACSH, we predicted Y184 Bcy1-AiD would display enhanced xylose 252 consumption compared to Y128 and Y184 hog1 in 9% ACSH. Unexpectedly, this was not 253 observed, as none of the strains used xylose in 9% ACSH (Fig. 2C ) even though two fermented 254 the glucose. Several strains marginally used xylose in 6% ACSH (Fig. S2C ), but clearly ferment 255 xylose in YPDX (see below), this suggests stresses in ACSH medium prevent xylose 256 fermentation. Since the growth and glucose consumption of Y184 Bcy1-AiD is clearly recovered, 257 these results suggest cellular stress is unlikely to be the cause of arrested xylose fermentation 258 (see Discussion). 
266 Differential contributions of regulators to glucose versus xylose fermentation rates 267
We next wanted to dissect the contribution of Ira2, Bcy1, and Hog1 to sugar 12 269 xylose to characterize fermentation when the strains are most productive, since they did not 270 ferment xylose efficiently in ACSH. Interestingly, strains lacking Ira2 or Bcy1 or harboring the 271 Bcy1-AiD fusion protein showed faster growth compared to the parental strains: all strains with 272 these mutations reached maximum cell density by 24h, whereas Y22-3, Y184, and Y184 hog1 273 took 48h to reach maximal titers (Fig. 3A, Fig. S3A ). Although it was not statistically significant 274 in this growth assay, we noticed in the 96-well plate assay (Fig. 1) strains lacking IRA2 or BCY1 275 consistently grew to lower cell densities than the parental strains. Deletion of HOG1 from Y184 276 reduced growth rate and glucose consumption rate compared to the other strains, whereas 277 combined deletions of HOG1 and IRA2 produced a strain with fast growth rates and the ability 278 to grow to a higher cell density than Y22-3 and Y184 (Fig. 3A,B, Fig. S3A,B) . Thus, the 279 beneficial effect of IRA2 deletion overrides the deleterious effect of HOG1 deletion for glucose-280 based growth. While mutations in PKA regulators increase growth on and consumption of glucose, the 294 opposite was observed for xylose consumption. Strains lacking HOG1 had the highest rates of 295 xylose consumption compared to the parental strains, whereas strains with PKA mutations 296 alone did not have a significantly different xylose consumption rate from the Y184 parental 297 strain (Fig. 3C) . Thus, mutating HOG1 is specifically important for efficient xylose fermentation.
298 Moreover, Y128, Y184 hog1, and Y184 ira2hog1 begin to ferment the xylose before glucose 299 is completely depleted from the culture (Fig. S3B and C) . Correspondingly, Y128, Y184 hog1, 300 and Y184 ira2hog1 had the highest ethanol titer at 48 hours (Fig. 3D, Fig. S3D ). Y184 Bcy1-301 AiD was previously shown to use xylose at a comparable rate to Y128 in YPX medium when 302 cultured at a high cell density (93). Interestingly, we discovered that the strain does not use 303 xylose efficiently when the culture is started at low cell density (Fig. 3C) , even though we 304 recapitulate robust xylose utilization at high cell density in YPDX (Fig. S4A) . The reason for this 305 unique phenotype is not known; importantly, it did not explain the lack of xylose consumption in 306 ACSH, since inoculating cultures at high cell titers did not improve xylose fermentation in the 307 strain (Fig. S4B ). 
357
PKA and Hog1 contribute separable features to xylose fermentation. Increased PKA 358 activity is known to increase cell growth rate and glucose consumption (57). PKA upregulates 16 359 expression of ribosome biogenesis genes, which supports rapid growth (58,59). Moreover, it 360 promotes glycolytic flux by inducing transcription of genes and phosphorylating enzymes 361 involved in glycolysis (60-62). We recently showed PKA also has roles in the hypoxic response 362 when cells are grown anaerobically on xylose (93). This response is mediated by the Azf1 and 363 Mga2 transcription factors and may further promote glycolytic flux. Therefore, it is consistent 364 that we find strains with deletions of RAS/PKA regulators display faster growth (Fig. 3A, Fig.   365 S3A) . Despite the increased growth and glucose consumption rates when PKA regulators are 366 deleted, this effect is not as dramatic with xylose. While strains with mutations in IRA2 or BCY1 367 do consume more xylose than Y184 (Fig. S3C) , the rates of consumption are not significantly 368 faster than Y184 (Fig. 3C ). The reduced final-cell titers seen in strains with up-regulated 369 RAS/PKA may result from an inability to accumulate storage carbohydrates. During the diauxic 370 shift, glycogen storage occurs when glucose has been depleted to fifty percent of its starting 371 concentration (63). However, increased PKA activity prevents accumulation of storage 372 carbohydrates, such as glycogen and trehalose, by inhibiting expression of biosynthesis 373 enzymes and activating catabolic enzymes (64-68). In our strains lacking RAS/PKA inhibitors, it 374 is possible upon glucose depletion, the cells lack stored carbohydrates to metabolize, limiting 375 cell titers compared to strains with functional IRA2 and BCY1 (Fig. 1, Fig. S3A ).
376
In contrast to PKA upregulation, HOG1 deletion specifically affects xylose utilization. Our 377 results show that under standard conditions, even in the absence of added stress, Hog1 kinase 378 activity inhibits xylose utilization, perhaps by directly phosphorylating glycolytic enzymes ( Fig. 379 4C, Table 2 ). Although typically thought of as a stress regulator, Hog1 has recently been 380 implicated in the response to glucose (28, 29, 69) and was shown to phosphorylate the glycolytic 381 enzyme Pfk26 (70) and physically interact with Cdc19, Pfk1, and Pfk2 (71). Hog1 also plays an 382 important role in glycerol production, which may influence glycolytic flux to steer production from 383 pyruvate towards glycerol (72-77). The enzymes we detected with significant phosphorylation 384 differences upon HOG1 deletion function lower in glycolysis, after the entry point of xylose via
